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ABSTRACT

Exploitation of green energy sources is essential to diminish the deterioration of our
environment. The energy harvesting, represents an alternative to achieve greater range
in electric and hybrid vehicles. An energy management strategy (EMS) must be
optimized to obtain the best benefits in such vehicles, which is not a trivial task.
If harvesting or energy recovery devices are added, the EMS becomes a dual-purpose
algorithm: minimizing fuel consumption and maximizing energy harvest through
maximum power point tracking (MPPT) controllers. Known studies consider separate
EMS, one for traction and another for regenerative braking, without considering
harvest devices such as solar panels, regenerative suspension, thermal generators,
among others. Furthermore, the electronic power converters used, are not designed
to handle such unequal power levels. In this article, an electronic platform to include
multiple energy harvesting devices in a fuel-cell hybrid electric vehicle, was presented
together with a multiple MPPT-EMS. The EMS is easily implementable, and considers
quasi-constant cell energy extraction and filtering of current transients to the battery
bank ensuring the longevity of the devices. A new mathematical model of the platform,
a closed loop stability analysis, and numerical and Hardware-in-the-Loop (HIL)
validations were presented. Some experimental validation results were also provided.
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1. INTRODUCTION
Nowadays, the importance of migrating mobility to greener environments and integrating it into the

electric networks is well known, due to the impending deterioration of the planet [1]. Unfortunately, for private
mobility, electric vehicles (EV) are not yet a viable option for the average consumer for two reasons, their high
cost and/or their low range (miles per charge) with respect to internal combustion vehicles [2]. Wide range and
low cost are variables closely related to the capacity of the BB used in EV and alternatives are currently being
sought; one of these alternatives, is the integration of power generating sources to maintain and even raise the
state of charge (SoC) while the EV circulates [3], such as solar panels [4–7], hydrogen fuel cells (HC) [8–13],
biofuel engines [14, 15], hybrid motorization [16, 17], electric generating dampers [18–23], wireless recharge
[24, 25], among others.

Unfortunately, the combined and simultaneous use of energy sources in EVs has been studied only
for particular cases (do not consider several energy harvesting possibilities together with HC, BB and SC)

Journal homepage: http://ijece.iaescore.com

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Institute of Advanced Engineering and Science

https://core.ac.uk/display/329118862?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Int J Elec & Comp Eng ISSN: 2088-8708 r 5059

or it is not considered that the BB and the HC can degrade under conditions of overload or current demand
transients [26–29]. In [30] the authors considered AC (kinetic energy, motion or electromagnetic radiation) and
DC (thermal or solar) harvest devices/collectors; their proposed energy management strategy (EMS) uses the
output voltage and a reference to set the output to the MPPT and selects an appropriate operating mode based
on the power delivered and demanded. Unfortunately, they only considered 4 collectors of very low power.
The authors of [31] studied a solar panel, a BB and two modes of operation for an EMS. For the first mode it
was considered that the panel does not supply enough power and the BB is used until the maximum current point
in the inductor is reached. In the second mode, it was considered that the power of the panel is much greater
than that desired by the load such that the inductor current reaches its highest point and begins to decrease,
this allows the BB to be charged with the remaining current in inductor. The authors of [32], proposed a
double input and double output converter with Pulse Width Modulation (PWM) controls and a single inductor.
The MPPT was used as a determining variable of the modes of operation; while the power of the panel is
greater than the power of the load, the energy of the panel is transferred to the load and in turn to the BB. When
the power of the panel is less than the power of the load, the strategy use a supplementary state in which the
BB will feed the load.

In [33] a strategy of energy recycling was proposed considering a solar panel and a BB that feed
a load by a double input double output converter with single inductor. The strategy used the MPPT and a
higher voltage selector to generate the PWM pulses. The authors in [34] and [35] presented similar topologies
and control strategies based on the detection of zero crossing in voltage or current to integrate two energy
collectors to a DC load; experimental evidence was presented showing the effectiveness of the strategy.
A non-isolated multi-input single output converter with three MOSFET switches per stage, that can operate
in Buck or Boost mode independently, was presented in [36]. The authors presented a mathematical model, but
they do not seem to consider stability, equalization or decoupling effects and do not proposed an EMS. In [37]
the authors provided a control strategy for the integration of two solar panels with the power grid and power
a load. In such research, the high power factor is essential for the development of an MPPT strategy and the
switches were activated at zero-voltage and zero-current thus reducing the power losses. The article presented
in [38] proposed a peculiar configuration for several power supplies such as a solar panel, a HC and a BB.
In order to regulate the output voltage, the authors proposed a non-isolated converter topology with a minimum
number of components, and an EMS that stands out for its easy implementation. In [39] the authors presented
a configuration of n boost stages in parallel, decoupled by the primary inductor of a transformer to perform the
MPPT. A mathematical model and its analysis in a stable state were presented to establish a control strategy
that allows simultaneous operation; unfortunately, the use of a transformer implies additional losses and the
strategy does not guarantee that a BB, an HC, neither a SC operates simultaneously.

It should be noted that in none of the papers reviewed, the integration of an unlimited number of
energy collectors is performed for simultaneous operation with an EMS that manages to reduce the additional
degradation to which the power sources can be subjected, including an hydrogen or fuel cell. That is, it is
recommended that the BB does not absorb the current transients ([40–42]), that the solar panel and other
collectors operate in the MPPT ([43]) and that the fuel cell provides a quasi-constant current at its nominal
capacity ([44]). In addition, the development of such a system is a relevant problem under study by various
research groups because the combined use of various energy sources in an EV has a direct benefit not only in
its scope, but in the use of green energy sources.

Even more, from the state-of-art revision above, there are still many problems related to the integration
of energy harvesting devices in an electric or hybrid electric vehicle. In this article, an alternative solution to
the problem of selecting a platform that allows the use of a solar cell and a battery bank, together with multiple
harvesting devices in an electric vehicle is presented (power electronic platform and the EMS algorithm sketch).
This alternative considers minimizing degradation of the fuel cell and the battery bank due to peaks in the
demanded power, which according to the manufacturer, cause its premature degradation. Also, the maximum
power generation from the harvesting devices is ensured.

This article presents the following contributions to the state of the art:
(a) A new mathematical model is obtained for a n stages, bidirectional Boost-Buck converter operating in

CCM, that allows the operation of SCs, BBs, regenerative braking motors and multiple energy
harvest/storage devices simultaneously in an EV.

(b) The effects of equalization and decoupling of the stages of the proposed converter are analyzed.
This allows to integrate sources of any power levels.
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(c) An experimental validation of the model.
(d) A stability analysis is performed and includes the dynamics of a bounded output controller.
(e) A MPPT, EMS for an EV with the proposed converter, based on design principles that include the

prevention of premature degradation of the BB and HC, is designed. The EMS is modular, low cost
of implementation and can be scaled to include other harvesting devices.

(f) Semi-experimental tests (real-time simulations with hardware involved or Hardware-In-the-Loop HIL)
are presented for the validation of the mathematical model and the energy management strategy, from
which can be inferred the implementation of the EMS at low monetary cost.

This article is organized as follows. The system configuration, description and its analysis are presented in
Section 2. Numerical, HIL, and experimental results are presented in Section 3. In Section 4 is presented a
brief discussion and some conclusions.

2. SYSTEM CONFIGURATION AND DESCRIPTION
A general scheme of the proposed converter configuration for the power stage of the harvesting EV is

shown in Figure 1. This configuration can be used for different scenarios, therefore, a general analysis of this
circuit is presented first and then particularized to the EMS. In the left part of the circuit of Figure 1, there are
several collectors/energy sources, connected in parallel to the CD Bus by means of a voltage amplification stage,
better known as Boost converters. The collectors/sources include a solar panel, a HC, an energy-generating
damper (EGD) and other sources (e. g. by vibration, heat, etc.) The last two are considered DC signals
(rectified). In this way, the number of collectors is not limited, and, by having a modular design, collectors with
their respective stages can be removed or added. On the other hand, at the bottom of the schematic, there are
the energy storage devices (BB and SC) and finally the motor of the EV. These last three devices are connected
to the DC bus through two-way (bidirectional) converters that function as a voltage reducer or Buck type from
the DC bus to the device and as a Boost from the device to the DC bus. In this way, the BB and SC can be
operated independently, and regenerative braking is allowed.

Figure 1. Schematic of the general n stages, parallel converter for the platform. The circuit consist of
paralleled, bidirectional stages type Boost to load and Buck back if required
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2.1. Mathematical model of the converter
The circuit of Figure 1 can be analyzed with a resistive load that demands power from the DC bus

powered by n devices. The motor, BB and SC can also provide energy and therefore increase the maximum
n-th subscript. An averaged model obtained in continuous conduction mode (CCM) is:

L1İ1 = −u1Vbus + e1

L2İ2 = −u2Vbus + e2
...

Lnİn = −unVbus + en

CbusV̇bus = u1I1 + u2I2 + ...+ unIn −
Vbus
Rbus

Lm−1İm−1 = −em−1 + um−1Vbus

Cm−1ėm−1 = I1 + I2 + ...+ In − Im − Im−2 −
em−1

Rm−1

Lmİm = −em + umVbus

Cmėm = I1 + I2 + ...+ In − Im−1 − Im−2 −
em
Rm

(1)

where Rbus is the equivalent resistance to the load connected on the bus and Rm−2, Rm−1 and Rm the
equivalent resistances of the stages. From the equations in (1), it should be noted that duty cycles in stationary
dynamics, depend inversely on Vbus:

u1 =
e1
Vbus

...
un =

en
Vbus

(2)

where 1− ûi = ui i = 1, ..., n. If the work/duty cycle of stage 0 ≤ ûi ≤ umax ≈ 0.8 is less than the equations
(2), the current flow through the diode Di is negligible due to the lower potential at the anode, leaving the stage
isolated (it will not provide current to the load) regardless of the values of the components (ui is used as the
inactive cycle.) Similarly, if the current of the source ei is not enough to match the voltage Vbus the stage will
be isolated by the diode. This intrinsic equalization is beneficial in the case of an EV, since the BB regularly
has the greatest capacity to provide current while protecting the integrity of the other devices by not requiring
a current greater than they can provide.

2.2. Converter closed loop stability under arbitrary switching
The time derivative of the bus voltage in (1) with 0 < umin ≤ ui ≤ 1, for i = 1, ..., n, where umin

is the minimum value of the inactive cycle (approximately 0.2 and limited by physical characteristics of the
components) is:

CbusV̈bus = −aV̇bus − bVbus + c (3)

where

a =
1

Rbus
> 0

b =
u21
L1

+ ...+
u2n
Ln

> 0

c =
u1e1
L1

+ ...+
unen
Ln

> 0

Rewriting on state space representation and shifting to the operating point (recall that ui > 0, hence b > 0)
x1 = Vbus − c

b , x2 = V̇bus one has :

ẋ = Ax (4)
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where

A =

[
0 1
−b −a

]
.

Consider controllers 0 < ui(t) = kiVbus ≤ 1 to regulate the bus voltage to a reference Vref ; the state equations
are:

ẋ1 = x2

ẋ2 = −κx31 − ax2 (5)

where

κ =
k21
L1

+ ...+
k2n
Ln

> 0

and ki > 0 ∀i = 1...n are the controller gains. To demonstrate stability in the sense of [45], consider a
Lyapunov candidate function V = 1

4x
4
1 + d 1

2x
2
2 with d > 0; V (0) = 0, V (x) > 0 ∀x 6= 0 and its derivative

along the system paths (5) is represented by:

V̇ = x31x2(1− dκ)− dax22 (6)

Selecting d = 1/κ one has

V̇ = −a
κ
x22 < 0,∀x2 6= 0 (7)

and then the stability of the closed loop system is demonstrated.
Even more, κ(t) > 0 for all ki(t) > 0 and it is easy to show that an MPPT control is a ui(t) =

ki(t)Vbus controller (ki(t) = fi(Ii(t))); hence, the stability with multiple MPPT controllers for feasible values
of ui(t) in the proposed platform is demonstrated.

2.3. Multiple MPPT energy management strategy
In the scenario proposed in the previous section, it is now necessary to establish an EMS that complies

with several design principles; EMS must:
(a) Maintain the BB’s SoC from the available energy sources.
(b) Be computable in real time.
(c) Take advantage of all the energy available from the harvesting devices (MPPT) that do not use

consumables (i.e. the solar panel, EGDs, etc.) and ultimately that obtained from the HC.
(d) Allow the HC to provide current to a quasi-constant and limited regime due to its intrinsic operation.
(e) Achieve that the SC absorbs rapid energy demand transients to prevent premature BB and HC damage.
(f) Allow regenerative braking.

With regard to criterion 5, it should be mentioned that large current transients have been shown to cause early
degradation in BBs and HCs, regardless of their chemistry (see for instance [40]). Since the motor can provide
energy when performing regenerative braking, the EMS is divided into acceleration and regenerative braking
modes as discussed below.

2.3.1. EMS in acceleration mode
The block diagrams of the proposed EMS are depicted in Figure 2. A configuration that allows

compliance with the design principles mentioned, and in acceleration mode is shown in Figure 2 (a). Although
the diagram of the basic converter as depicted in Figure 1 shows the BB connected to the DC bus through a
two-way Buck-Boost stage, for the proposed EMS such a stage is not necessary and connects directly to the
DC bus of the load that includes the SC and RL with its Buck and Boost stages respectively; in this way, the
SC will soften the demand for energy towards the BB and HC. In addition, the connection of an SC to the bus
allows the decoupling of the stages, making the equalization shown in equations (2) unnecessary; that is, in this
way the duty cycles will not depend on the voltage on the bus to achieve a current control per stage. For the
present work, the BB, the SC and RL constitute the variable load Rbus that depends on the driving conditions
(of the vehicle) as shown in Figure 2 (a).
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(a) (b)

Figure 2. Block diagram of the proposed EMS (a) in acceleration mode and (b) in regenerative braking mode.
The motor is switched to power sources side, by an interrupter in the brake pedal (relay). This block diagram

is possible for the general converter of Figure 1 by making Lm−2 = 0 and Mb2 = 1, and integrating a variable
speed regulator (Buck converter) at motor (slowly variable load)

Since the BB is connected to the DC bus, V̇bus ≈ 0 can be considered (stationary state); that is to say,
it is of much slower dynamics and therefore from (1) one has:

Vbus = R(u1I1 + u2I2 + ...+ unIn) (8)

provided that ui ≥ ei
Vbus

. In other words, the direct connection of the BB to the CD bus allows decoupling the
n stages to achieve the injection of current independently.

On the other hand, the load that is now modeled as a resistor (motor winding) and is connected to
the SC through a Buck converter while the BB is connected to the SC through a Boost stage; in this way it is
ensured that the voltage in the SC is at least the potential of the BB in steady state and the regulation of current
demanded by the driver of the EV denoted as Iref is allowed. A proportional-integral controller (PI) allows
regulating the duty cycle of the Boost converter from BB to SC and in turn functions as a low-pass filter of the
current demanded to the BB, thus complying with the criterion (e).

The SoC is regulated by a PI controller with output PI1 that will seek to maintain 98 % (criterion
(a)); it is not set to 100 % to ensure that it is not overloaded causing premature degradation [28]. Cascade
controllers with proper tuning allow the MPPT from the energy sources (criteria (c) and (d)) and delay the
use of the HC, in order to properly establish the duty cycles of each of the Boost stages on the left side of
the DC bus. Proper tuning (slow action) allows a quasi-constant current regime to be extracted from the HC
(criterion (d)). The current references Ia,MPPT , Ip,MPPT (and the others that are necessary when extending
the configuration) can be obtained through commercial circuitry or dedicated software and Ih,nom is obtained
from the manufacturer. Ia, Ip and Ih represent the RMS value of current supplied by the auxiliary (other), solar
panel and HC respectively. Under this configuration, other energy harvesting and energy storage devices can
be easily attached.

2.3.2. EMS in regenerative braking mode
To comply with the criterion (f), the converter can be easily reconfigured using a contactor/relay as

shown in Figure 2 (b). This setting is activated by a switch on the brake pedal that puts the bi-directional
converter of the motor stage in Boost mode where Ir,MPPT represents the MPPT current reference.
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Until now, the strategy has been shown that can comply with all design principles except for the (b)
that is implementation-related. The implementation for real-time operation, being simple controllers for both
modes of operation of the proposed EMS, does not represent a technical difficulty using even low-cost digital
signal processing (DSP) micro controller devices. In the following section, it is demonstrated that it is possible
to implement both the controller and the model of each of the devices involved in real time with integration
time of 6 µs.

2.4. SoC control stability
In order to verify the stability under the action of the proposed controller for SoC (which differs from

the MPPT control stability presented before because of the integral action), the state of charge of the BB can
be estimated as:

SoC = SoC(0) +
100

Q

∫
Iidt (9)

where Q is the nominal capacity of the BB. From (1) and (8), ui represents the inactive cycle, so a PI controller
with reference r can be defined as:

ui = 1− ki,p(r − SoC)− ki,int
∫

(r − SoC)dt (10)

Then the differential equations for the parallel stages (of the converter), as a function of (8), (9) and (10) are:

¨SoC =
−Vbuski,p ˙SoC − Vbuski,intSoC + Vbuski,intr

0.01LiQ
(11)

Clearing SoC(s) of the Laplace transform from the previous equation:

SoC(s) =
Vbuski,intr/s

LiQ
100 s

2 + Vbuski,ps+ Vbuski,int
(12)

Using the Routh Hurwitz criterion it is easy to demonstrate that the system is stable for some positive gain
values.

2.5. Dimensioning and Output Ripple
From voltage balances in steady-state and CCM operation for each stage (as regularly used for single

Boost stages), one can obtain:

Li > 1.2
DMRL(1−DM )2

2f
(13)

where DM is the maximum duty cycle and f is the PWM frequency; a 20% increment is selected for
ensure CCM.

The voltage ripple in the BB can be conservatively determined as:

∆VBB =
VBBDM

RBBCBBf
(14)

where VBB is the nominal voltage of the BB and RBB and CBB are the equivalent resistance and capacitance
in the BB.

3. NUMERICAL SIMULATIONS AND EXPERIMENTAL RESULTS
In this section, are presented HIL, and experimental validations of the mathematical model.

Subsequently, HIL simulations are included that demonstrate the effectiveness and ease of implementation
of the EMS.
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3.1. HIL Validation of the mathematical model
To validate the mathematical model obtained, several simulations were performed in Simulink and

the dynamic response is compared with the circuit emulated in HIL; this is, Typhoon HIL402 platform include
realistic models of solar panels, batteries, electronic devices as MOSFETs, among others, that allows validating
the analytic model (numerically solved in Matlab). This Python-based, compact 4-core HIL gives all the tools
to test power electronics controllers in a wide range of applications as solar and wind power generation, battery
storage, power quality and motor drives; also, this device allows to test controllers in real time with 20 ns PWM
resolution, in closed loop with high-fidelity power stage with 1 MHz update rate. Here, only representative
results are provided. The Typhoon HIL402 platform is used to emulate the converter stages in real time with
an integration time of 6 µs. Sources of 48, 24 and 12 V are used with capacities of 8, 8 and 6 Ah respectively,
2.2, 2.0, and 2.5 mH for L1 − L3, C = 200 µF and R = 10 Ω with Vbus = 60 V , u1 = 0.20, u1 = 0.60
and u1 = 0.80.

Figure 3 shows the comparisons of the output voltage Vbus and the currents in the inductors I1 − I3
obtained from the HIL emulation against the dynamic responses of the mathematical model. Although there is a
transitional stage with a longer duration in the mathematical model, the final voltage value is 60 V on average.
It should be noted that the transient is of longer duration because in the HIL emulation the voltage sources
are modeled BBs with limited current capacity, while in the mathematical model the current provided by the
sources is unlimited. In the lower trends it can be seen that the average of the currents in the inductors in the HIL
emulation is very close to the value of the currents obtained by the numerical integration of the mathematical
model. In this way it could be concluded that the mathematical model is a conservative representation of the
transitory while stationary error when comparing the response with an HIL platform is 2.5% on average.

Figure 3. Comparison of the dynamic response of the converter, obtained from the averaged mathematical
model vs HIL emulation (switched). The average dynamics have minimal error in steady state.

The transitional stage is slightly different because the power sources in the model are ideal whereas in the HIL
tests they are battery models; In addition, the dynamics of the diode are neglected in the model (the currents in

the inductors cannot be negative)

3.2. Experimental validation of the mathematical model
In order to validate the model and the mentioned equalization phenomenon, an experimental platform

as depicted in Figure 4 is built for the general converter of Figure 1. A DSPIC30F4011 is used to generate
the PWM signals, 15 µH inductors (5711-RC) are calculated for DM = 0.5 and f = 20 kHz with three 5 V
sources and a 50 µF capacitor is calculated for a 0.1 voltage ripple. In Figure 5 is shown a comparative of the
numerical against experimental behavior in the output voltage; note that the average error is only about 5% for
equalized duty cycles. In Figure 6 are shown the inductor currents for the same test; note that all stages operate
in CCM.
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Figure 4. PCB of the experimental setup. PWM and control can be implemented in a DSPIC30F,
which results in a economical and effective proposal

(a) (b)

Figure 5. Output voltage comparison, (a) numerical against (b) experimental with equalized duty cycles.
The steady state error is minimal for the average voltage, about 2%

(a) (b)

(c)

Figure 6. Inductor current in (a) L1, (b) L2, and (c) L3 with equalized duty cycles. All inductor currents
describe a CCM operation since (2) are met

Int J Elec & Comp Eng, Vol. 10, No. 5, October 2020 : 5058 – 5073
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Below, comparisons are presented under the same conditions as the previous one, but with the non-
equalized duty cycles (0.4, 0.5 and 0.6 respectively). The Figure 7 shows the comparison of the output voltage
and in Figure 8 the currents in inductors are shown. Notice how when the cycles are not equalized, only one
inductor remains operating in CCM while the others operate in DCM (the stage with greater duty cycle remains
in CCM); also, the output voltage value no longer matches the model.

(a) (b)

Figure 7. Output voltage comparison. (a) numerical and (b) experimental with no equalized duty cycles. The
steady state error is large, about 15%, since (2) are not met

(a) (b)

(c)

Figure 8. Inductor current in (a) L1, (b) L2, and (c) L3 with no equalized duty cycles. Only the equalized
stage(s) (stage 1) operates in CCM, the rest operates in DCM

3.3. Validation of the EMS
To perform the tests of the proposed EMS, it is implemented together with the mathematical model of

each source device, on the Typhoon HIL platform; this allows to show that the EMS is real-time computable,
and at the same time that it shows the correct operation of the EMS with realistic models of the devices. The
current reference is provided by an external voltage source to the Typhoon emulating the position of the EV
throttle. Typhoon HIL includes a solar panel model whose characteristic curve with nominal voltage of 29.73
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V and 112.37 W at constant irradiation of 500 W/m2 (the maximum usable for the panel), so Ip,MPPT =
3.76 A. As a note, irradiation values of up to 1388 W/m2 from 2014 to 2018 have been presented in this
entity according to data from a state weather station; in México, the annual average is 5.3 kWh/m2 per day
according to information from CONAGUA in 2012 ([46]). A 24 V at 41.6 A (1000 W ) HC from Horizon
brand is emulated; for this test HIL will be used to the maximum (Ih,nom = 41.6), in a real scenario, a value
recommended by the manufacturer should be used.

In addition, a harvest device that provides 19 volts of DC and a maximum current of 1 A is emulated
(Ia,MPPT = 1 A). A BB bank of 48 V with capacity to 24 Ah and with initial SoC of 95 % is used.
The inductors are selected of 2.2 mH except for the inductor in the load converter, which is 10 mH , with
Cbus = 300 µ and a SC with capacitance of 1 F . The capacitor of the Buck converter of the load is selected
of 100 µF and RL = 1 Ω. PI controllers are tuned accordingly to the source, slow action for the fuel cell
(kp = 0.05, ki = 0.02) and fast response for MPPT controllers (kp = 1.0, ki = 2.3). The SoC PI controller is
tuned and stabilize the transfer function (12) with kp = 0.05, ki = 0.01. The converters operate at 20 kHz and
the driving/load profile presented in this paper, is an arbitrary 2-minute duration shown in Figure 9 along with
the dynamic response of the current in the load. It can be seen that the current demand Iref is satisfied with a
minimum tracking error; here, Imax = 44.7 A is used, equivalent to approximately 2 kW .
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Figure 9. Comparison of demanded current against supplied. Even if the power demand is arbitrary, the EMS
is capable of track such behavior while harvest devices are providing energy

The evolution of the SoC for the load profile is shown in Figure 10; a minimum decrease and early re-
covery under conditions of optimal energy harvesting can be noticed. Figure 11 shows the current contribution
of each of the devices to recharge the BB. Note that an specific tuning for the type of HC could be necessary;
this depends on manufacturer data. Figure 12 shows the charging current IL compared to that supplied by BB
(Ibat) and that supplied by the SC (ISC); note that when the current is supplied by the SC, rapid changes in BB
current are being absorbed. Figure 13 shows the evolution of the voltage in the bus Vbus against the voltage in
the load VL and the voltage in SC (VSC).
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Figure 10. State of charge of the BB. Even if the power demand is arbitrary, the EMS is capable of track such
behavior while harvest devices are providing energy to charge the battery bank
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Figure 11. Charging currents of the BB. The tuning of the PI for the HC (upper plot) can be tuned to get an
even more smooth dynamic if necessary. Clearly the MPPT can extract the maximum power of the solar panel
and auxiliary (middle and bottom plots); note that auxiliary produces a low frequency, power supply behavior

and the EMS can extract the MPPT
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Figure 12. Load, BB, and SC currents (upper, middle and bottom plots respectively); when the load current is
supplied, rapid changes in demand current are being absorbed by the SC
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Figure 13. Voltage on the bus and on the load. A quasi constant voltage in the bus (upper plot) is beneficial for
the BB to avoiding its premature degradation. A smooth voltage in the load (bottom plot) indicates a soft load

response and hence a gentle driving of the EV

Next, comparative tests of the decay of the SoC are carried out under a constant regime of 85 %
demand to be able to notice the benefit of each of the collecting devices over 25 minutes. Figure 14 shows
the comparison of the SoC that clearly indicates that the HC, having a much higher capacity, is almost capable
of maintaining the SoC; the solar panel and auxiliary/others modestly improve autonomy but do not require
consumables or expensive maintenance. Table 1 shows a comparison of the decay of SoC, consumption of H,
approximate cost of H over the 25 minutes and the estimate cost of collectors. A density of H of 0.0708kg/lt
and a cost of 1 USD/lt of H is used. The cost that auxiliary collectors would have is not considered since they
are still under development phase, not for sale in considerable current capacities.
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Figure 14. SoC at 25 minutes with Iref = 0.85Imax. Using a single 500 Wh solar panel in conjunction with a
single 19 Wh collection device, reduces the discharge of a 24 Ah battery bank by 5% in 25 minutes at a rate

of 85% of maximum speed in a small Electric Vehicle (EV)

Table 1. Comparison of benefit and cost
Scenary SoC fall H Cost (H) Harvest device cost

HC+Panel+other 7.07 % 22.12 kg $23.4 USD $4,070 USD
Panel+other 51.7 % 0 kg $0 USD $200 USD

4. DISCUSSION
In this article is presented the analysis of a parallel Boost converter and an energy management strategy

that is capable of achieve several design relevant principles. The dimensioning of the components is not the
objective of this study and is an open topic for further studies. For instance, for a vehicle of certain dimensions
and weight, there will be an optimal combination of energy capacities, costs and weights of the CH, PS, BB
and other associated devices. Nevertheless, its possible to analyze the efficiency for each of the converters that
are involved in the system, considering the switching losses due to the drain to source on-resistance (RDS(on)

).
In Table 2 is shown the theoretical percentage of individual efficiency calculated using:

η =
Pin − Ploss

Pin
(15)

with SiC MOSFETs. On the other hand, at the moment it is clear that the use of hydrogen as an alternative
source for an EV, is not affordable from the point of view of an average consumer since it implies large costs
of investment, maintenance and payment of supplies, although other energy collecting devices are used simul-
taneously. However, the present work presents an advance in the sense of estimating, testing and integrating
the sources of energy collection for simultaneous operation in an EV, regardless of when the scientific and
technological progress allows to improve the efficiency of the harvesting devices and the electrical/electronic
components.

Table 2. Efficiency per parameters
Input source RDS(on)

(Ω) Efficiency
Solar 0.08 99 %
Other 0.08 99 %

Hydrogen cell 0.025 97 %
Battery bank 0.025 99 %

Super-capacitor 0.025 99 %

5. CONCLUSIONS
In conclusion, this paper presents the modeling, stability analysis, equalization and decoupling effects

of a parallel Boost converter of n stages including m bidirectional stages in the load side. In addition, a
multiple MPPT EMS is developed and validated semi-experimentally. The EMS allows the maximum power
extraction of multiple energy harvesting devices to recharge the BB online in an EV or a HEV. Also, the
proposed configuration is capable of filtering current demand transients with high efficiency and hence avoid
premature degradation of the BB and the HC. Although at the moment the use of a HC is not convenient from an
economic point of view, the strategy contemplates the use of other devices including those that do not provide
energy continuously or of high magnitude as regenerative dampers, vibration generators and TMGs.
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